It is a crucial issue to better understand the usability of Sentinel-1 satellites in geomorphologic applications, since Sentinel-1 and the Copernicus Program are considered to be the workhorse of Earth observation by the European Space Agency during the next decades. Yet, a very limited experience is available on the applicability of Sentinel-1 images in the detection and identification of surface deformations and especially landslide mapping and monitoring in densely vegetated (low-coherence) areas. Few Synthetic Aperture Radar images (not more than 20) are sufficient for a successful run of interferometric stacking algorithms. This number is really low compared to the tremendous data flow of Sentinel-1 images that are available for interferometric analysis nowadays. Despite the availability of acquisitions, only a few papers exist on the accuracy of Sentinel-1 data, signal-to-noise ratio and the value of the acquired imagery for geomorphologic interpretation. Two test sites and a control site-affected by active surface deformations-have been investigated using 40 Sentinel-1A images and conventional persistent scatterers (PSI) method. PSI results have been combined with the geomorphologic information of the studied sites. We verified that the given number of Sentinel-1A acquisitions provide a unique base for surface deformation recognition and mapping in low-coherence areas. We found that scatterers were corrupted by a strong noise if their line of sight (LOS) velocity was below ± 6-7 mm/ year all over the three test sites, although noise can easily be reduced. Noise reduction was achieved by a significant increase of the length of time series, i.e., time range between the first and last image to reduce the effect of atmospheric phase screen (APS).
Introduction
Remotely sensed data such as orthophotographs, satellite images and LiDAR data are now essential materials for the analysis of surface deformation and, in particular, landslide mapping and monitoring (Chung and Fabbri 2003; Glade et al. 2005) . Since Synthetic Aperture Radar (SAR) satellites were introduced in the early 1990s by launching ERS and Envisat, they have produced one of the most precise raw materials for the recognition of surface displacement. Processed C-band acquisitions have been found suitable for the detection of slow or extremely slow-moving landslides (Wasowski and Bovenga 2015) .
Conventional processing technologies of SAR data, such as interferometric SAR processing (InSAR), operate with coherence calculated from SAR acquisition pairs (Béjar-Pizarro et al. 2017) . Nonetheless, this technique has several limitations, which may affect the usability of InSAR deformation measurements (Casagli et al. 2016) . Temporal and geometric decorrelation and mostly atmospheric artifacts reduce the spatial and temporal coherence and strongly affect displacement recognition (Hein 2004) . Advanced differential interferometry (DInSAR) stacking techniques, such as persistent scatterers (PSI) (Ferretti et al. 2001; Tofani et al. 2013; Piacentini et al. 2015) , overcome the limitation of InSAR (Pasquali et al. 2014) and make it suitable for landslide monitoring. Due to the popularity of ERS and Envisat acquisitions in landslide research, abundant information is available on their applicability and limitations (Herrera et al. 2010 Chen et al. 2014; Singleton et al. 2014; Tomás et al. 2014) .
The Copernicus Programme of the European Space Agency has opened a new age in terms of SAR imagery. Sentinel-1 mission provides C-band regular imaging over wide areas of the globe. Due to the enhanced revisit frequency (12 days) and the short baseline, Sentinel-1 mission accelerates the application of InSAR technology over many countries (ESA 2013) . Routine implementation of Sentinel-1 based InSAR application is just under development, but during the next 7 years (lifetime of Sentinel-1), there will be a significant progress in InSAR technology (ESA 2013) .
Nonetheless, a very limited experience is available on the suitability of Sentinel-1 for the detection and identification of surface deformations (Sowter et al. 2016 ) and specifically for landslide mapping and monitoring (Barra et al. 2016) . Sentinel-1A started its operational life in October 2014. More than 40 images, theoretically a sufficient number, were freely accessible and available for PSI analysis from the Copernicus Data Hub in the spring of 2016. However, the temporal distribution of Sentinel-1A images is fundamentally different from that of the routinely used ERS and Envisat. Forty images of Sentinel-1A cover only a period of approximately a year and a half (ca. 12 days repeat cycle), while the temporal coverage of the older C-band sensors spans for several years with the same number of images (ca. 35 days repeat cycle). Atmospheric phase screen (APS) filtering has been tuned for these satellites; thus, there is no information on the effectiveness of filtering techniques for the given number of Sentinel-1A images. The small orbital tube of the Sentinel-1 mission and inaccuracies in the reference digital elevation model (DEM), used during the processing, have also an impact on final data precision of interferometric deformation data. Moreover, there is a lack of knowledge on how the new advanced sensor signal-to-noise ratio affects the recognition of active landslides (Casagli et al. 2016) . Since Sentinel satellites are thought to be the workhorse of Earth Observation (EO) projects, it is crucial to understand their applicability in landslide research (Prats-Iraola et al. 2015) . Therefore, the aim was to test the strengths and limitations of Sentinel-1A acquisitions in surface deformation recognition, using PSI interferometric technique. The main questions to answer were the following:
(1) Does the processing of data collected over a short period of time (less than 2 years) by the Sentinel-1A sensor provide adequate and accurate information on the spatial separation of stable background and active landslides? (2) Is it possible to differentiate between sensor noise and real signals of surface deformation?
The paper is intended for scientists and end-users involved in data interpretation for surface deformation associated with mass movements.
Geomorphologic settings
To answer the above questions, two test sites and a control site-affected by active surface deformations-were chosen for PSI analysis. Surface deformations, including landslides, are common in mountainous and hilly regions and along the Danube River in Hungary (Szabó 1996) . Due to the lateral erosion of the Danube, a 20-60 m high bluff series of Late Miocene (Pannonian) lacustrine clays and silts, Pliocene terrestrial red and reddish clays and Pleistocene loess and paleosol sequences has been formed on the right bank of the river (Pécsi 1959) . The most likely preconditioning factors for the mass movements are the vertical slopes and geological setting (Scheuer 1979) , while the direct triggering factors are prolonged periods of extreme rainfall (Juhász 1999) as well as groundwater and river level fluctuations (Bányai et al. 2014 ). Due to their extremely high clay content and general geomorphologic properties, the high bluffs are extremely prone to landslides. Temporary landslides and mass movements have been reported over the entire section of the high bluff series during the past decade (Újvári et al. 2009; Balogh and Schweitzer 2011; Bányai et al. 2014; Kovács et al. 2015) . However, only the landslides of the villages of Rácalmás and Dunaszekcső ( Fig. 1 ) are known to be permanently active. Despite the significant economic losses caused by mass movements, few local monitoring networks have been established here (Újvári et al. 2009; Bugya et al. 2011; Bányai et al. 2014) . Although the first PS tests by Del Ventisette et al. (2013) were successful at Rácalmás, spaceborne monitoring of other high bluffs has not yet been attempted. Our first test site is in the village of Dunaszekcső (Dunaszekcső Test Site = TSD), situated in the central part of the southernmost section of the Hungarian high bluff series. The bluffs are found at an elevation of 120 m above sea level, 15 to 25 m above their surroundings (Moyzes and Scheuer 1978) . A 4 km long series of rolling hills originating from fossil landslide masses is found between the bluffs and the Danube at an elevation of 100 to 110 m (Fig. 2) . This is the only member of the Hungarian high bluff series where landslides are developed exclusively in Pleistocene deposits (Pécsi and Schweitzer 1995) . The first landslide in Dunaszekcső occurred in 1862, and further movements were observed in 1965 , 1976 and 2008 (Kraft 2011 . A large data set of the recent monitoring campaigns is available from the most active zone of the high bluffs (Castle Hill), although data are scarce around the Castle Hill.
The second test site, in the village of Rácalmás (Rácalmás Test Site = TSR), is situated on the northern section of the Kulcs-Dunaújváros high bluff (Fodor et al. 1983) . Here, the high bluffs reach a total length of 4570 m and rise 50 to 60 m above the mean water level (90 m a.s.l.) of the Danube. This height is similar to that at Dunaszekcső (Balogh and Schweitzer 2011) . A 200 to 300 m wide series of tongues of former landslides separate the high bluffs from an anastomosing side-branch of the Danube River here (Fig. 3) . Recent landslides usually occurred on the Pleistocene and Miocene sediments of the former landslide masses. Landslide-generated economic losses have frequently been reported from here as part of Rácalmás is located on former landslide blocks (Fodor et al. 1983 ). The direction of displacements was perpendicular to the high bluffs, and the displaced blocks point toward the Danube. At the end of the 2000s, several retaining walls were built in the old village of Rácalmás (called Ófalu). Prevention costs reached more than 4 million €.
The town of Komló and its surroundings were chosen as a control site (Komló Control Site = CSK). The town lies 40 km west of Dunaszekcső and 100 km southwest from Rácalmás. The test site is located on the rolling hills of the Baranyai-Hegyhát microregion (Fig. 4) , north of the Central Mecsek Hills. The microregion is built up of Mesozoic calcareous and carbonaceous rocks and locally amphibole-andesite volcanics (Némedi Varga 1967; Klespitz 2012) , overlain by Tertiary and Quaternary sand and clay deposits (Lovász and Wein 1974) . Interfluves and hill tops reach an elevation of 300-350 m a.s.l. here, and valleys' bottoms lie at an elevation of 200-210 m a.s.l. Landslides are common on the steep slopes of the rolling hills and also across the town. Mass movements typically occur on clay-rich layers and steep slopes, while heavy rainfalls and anthropogenic activity may also contribute to the (re-)activation of mass movements (Lovász and Nagyváradi 1997) . Rotational landslides and soil creep triggered by undermining, mining subsidence and natural processes were common phenomena here in the twentieth century (Szirtes 1994) . The last coal mines were closed in 2000 (Kolozsvári and Pallós 2003; Nyers 2003) , and only the andesite quarry in the southwestern part of the area has been in operation until today. Due to the lack of adequate monitored data, we should not exclude the appearance of mass movements, such as landslides, generated by the active subsidence of the ground surface. In addition, we may suppose that mine dumps, tailings and slopes of the andesite quarry are the morphologically most active surfaces of the area. Landslide-affected slopes are commonly observed in TSD, TSR and CSK under various land cover types. Densely vegetated low-coherence terrains are common here. In urban areas, however, coherence is high and numerous scatterers are detectable.
Materials and methods

Materials
Sentinel-1A Interferometric Wide Swath (IW) single look complexes (SLC) were downloaded from the ESA's Sentinels Scientific Data Hub (https ://scihu b.coper nicus .eu). They have been However, especially when a region of interest (ROI) intersects bursts and covers only a fragment of one or more bursts, user should carefully prepare the sample selection and coregistration processes. On the other hand, with the selection of a single burst (considering a smaller ROI), they significantly reduce both storage needs and computational time, thus making InSAR processing manageable. Sentinel-1 SLCs cover almost one and a half year (Table 1) in ascending and descending geometry for the selected test areas. The maximum unambiguous displacement rate is one quarter of the wavelength, between the closest acquisitions. Despite the longer image separation periods, these image acquisition intervals still offer a unique opportunity to analyze landslides slower than 1.4 cm/14-16 days. 
Methods
Geomorphologic mapping
Firstly, we collected field evidence and indicators of surface displacement from the three test sites. Field work and photodocumentation were done in March of 2016. As the test sites have been investigated in detail over the last decades by numerous authors, maps and published displacement data have also been used to identify possible displacement zones. The general geomorphologic properties of the test sites, published data (Bugya et al. 2011; Del Ventisette et al. 2013; Kovács et al. 2015) and maps (Scheuer 1979; Fodor et al. 1983; Lovász and Nagyváradi 1997) were checked by field observations and represented on geomorphologic maps (Figs. 2, 3, 4) . The sketches are based on the contour lines of 1:10,000-scale topographic maps.
PSI processing method
PSI processing of ascending and descending Sentinel-1A SLCs has been done using the SARscape 5.2.1. module of Envi 5.3.1. The implemented PSI algorithm is based on the original PS method (Ferretti et al. 2001 ). However, the SARscape method does not exclusively focus on PSI candidates, selected from their amplitude stability, but on all the pixels, selected due to their phase stability (PSI temporal coherence). ), a region of interest (ROI) of about 10 × 15 km was selected from each image. This extended size of ROIs was needed for the successful coregistration and further processing steps, since the second step of PS algorithm (First inversion) runs over subregions of 5 × 5 km. All images (slaves) were coregistered onto a selected master image (Fig. 5) , during the coregistration step. Oversampling factor 4 was used to avoid the effect of fast fringes. Following the coregistration, interferograms were generated for each slave and the master image. For the interferogram flattening, SRTM-v4 DEM was used. It should be pointed out that the quality of the DEM has an effect on the success of the topography removal from the differential interferograms; hence, it affects the final result. During the next step (first inversion), residual height and displacement velocity were modeled and exploited to interferogram re-flattening. PSI method focuses on point like, stable scatterers (persistent scatterers), with well-characterized geometry (Pasquali et al. 2014 ). The investigated area was divided into subareas of 25 km 2 . The amplitude stability was used for selecting a reference point for each subarea. Further processing steps were performed on all pixels, related to the reference pixel. Later, they were merged, hence referred to a single reference pixel.
It is crucial that the algorithm is designed to estimate point displacements with a linear trend. Points with nonlinear displacements are not identified as a PS; hence, they are not present in the final result. APS was removed after the first estimation of the velocity and height correction (Ferretti 2014) . Atmospheric artifacts have been removed using spatially low-pass and temporally high-pass filters, since APS is highly correlated in space, but poorly in time (Ferretti et al. 2001; Belmonte et al. 2017) . It should be noted that lowand high-pass filter sizes were 365 days and 1200 m. For geocoding data, 0.75 coherence threshold and 20 m pixel size were used. As a final result, line of sight (LOS) velocities of the scatterers were calculated. LOS velocity describes the velocity of scatterers compared to the satellite position in each geometry. 2D (vertical and horizontal) displacements
of scatterers are interpretable combining LOS velocities of ascending and descending geometries.
Data analysis
Results from the PSI processes were imported into GRASS GIS 7.2.0 for further analysis. As a first step, formerly used ROIs were cut to the displacement zones and their proximal 'stable' surroundings to reduce the number of data and processing time.
Several indices describe the quality of PSI the measurements. Among them velocity precision (V p ) and height precision (H p ) have a direct link to the phase changes, but H p is estimated from the phase component which is linearly proportional to the normal baseline. Therefore, during data processing, we focused on the LOS velocity and V p of PSI points. V p is the standard deviation of the displacement error, ΔR (Just and Bamler 1994 where λ = wavelength, γ = interferometric coherence of the current pixel of interest. Equation 1 describes the functional relation between the phase and the displacement, so it was considered the main tool for quality control. To obtain measurement quality of the individual PSI points, relative precision (r) was calculated: r = (V p /LOS velocity) · 100. If the |r| of an individual PSI point is higher than 100, then the precision value is larger than the measured velocity, and therefore, real velocity can be either negative or positive. To avoid these low-quality measurements, points with low relative precision (|r| > 100) were ignored. Remaining points of each geometry were displayed on separate maps to observe the spatial pattern of points. The objective of the step-by-step displaying and testing of data was to identify a velocity threshold, where noise-like patterns disappear and displacement zones emerge. Each map contained points with velocities lower than 0 mm/year (circles with blue color) and higher than 0 mm/year (circles with red color). Velocity was increased and decreased step by step, using a 1 mm iteration procedure, to values ranging between + 10 and − 10 mm/year on separate maps. If part of the test site contained points with negative and positive velocity values close to each other and the distribution of points could not be explained by any geomorphologic or other well-known physical reason, the measured values were considered noise.
Results
As a first result, high density of scatterers was equally observed at test and control sites. The distribution of scatterers clearly corresponded to the location of the built-up areas in the case of both test sites. Only the Castle Hill landslide at TSD was an outlier here, due to its dense vegetation cover. Several points were also identified on the bare surfaces of the andesite quarry and extensive mine dumps at the southeastern tip of CSK. Point spatial densities of the investigated areas fluctuated between 396 and 620 points/km 2 . When points with |r| < 100 were exclusively considered, then approximately half of the scatterers were discarded and point spatial densities decreased to 178-360 points/km 2 . With the step-bystep analysis of the scatterer velocities, point density further decreased (Fig. 6) . High scatterer density of the ascending geometry was found for TSD and TSR; however, for CSK, the descending geometry was characterized by a higher spatial density of scatterers.
Scatterers with positive and negative LOS velocities are commonly found next to each other in TSD (Fig. 7A, E) when velocity thresholds of 0 to 5 mm/year were applied , where |r| < 100; orig. = original PSI density, ascending = ascending geometry, descending = descending geometry) (Fig. 7B, F) . It reflects a general, strong noise pattern of PSI data. By increasing the velocity threshold, a clearly visible group of points with negative LOS velocity appear in the southern part of TSD in ascending geometry (b in Fig. 7B-D) . Moreover, points with negative and positive velocities also appear in the same area in descending geometry (b in Fig. 7F-H) ; however, they are distinct in space. Although the mentioned points show a clear spatial distribution, the remaining areas reflect a strong noise pattern. This noise pattern disappears when point velocities are higher than + 6 or lower than − 6 mm/year (Fig. 7C, G) . At a velocity threshold of 7 mm/year, only a few points with positive velocities remain in ascending geometry (Fig. 7D) and only a few with negative velocities continue to exist in descending geometry (Fig. 7H) . Here, displacements in different directions are well separated from each other in both geometries. At the same threshold, overlaps were infrequently observed between the two different geometry points. Despite the low Fig. 7B , C, D, F, G, H) (moving away from the satellite in ascending geometry and moving toward the descending orbit satellite). Points with negative velocities were detected also south of the recently actively moving block of the Castle Hill landslide in both geometries (a in Fig. 7B, C, D, F, G, H) ; however, their overlap is ambiguous. In addition, individual scatterers are permanently present in the entire area in both geometries and also at higher velocity thresholds.
PSI results from TSR show a noise pattern similar to that of TSD. The only difference is the active block of the Ófalu landslide which is clearly visible even at low-velocity thresholds (Fig. 8) . Scatterers show a uniform behavior (negative velocities in ascending and positive velocities in descending geometry) there. No noise was detected here, but noise was common at all locations of the Rácalmás test site (Fig. 8A, E) . This strong noise pattern begins to disappear at a velocity threshold of 6 mm/year (Fig. 8C, G) and becomes completely absent at a velocity threshold of 7 mm/year (Fig. 8D, H) . The only area where adjacent points are moving in the opposite direction is in the western part of the site in descending geometry and only spreads over a small area, with a few scatterers (rc in Fig. 8F-H) . They are also present at more positive and more negative velocities, however, only in descending geometry. At a threshold of 7 mm/year, there are spatially concentrated points on the landslide in Ófalu, showing that points are moving away from the satellite in ascending geometry (ol in Fig. 8D ) and they are moving toward the satellite in descending geometry (ol in Fig. 8H ). Moreover, in descending geometry, on the western margin of the landslide block a few points are moving away from the satellite. These points are aligned into a curved line (ss in Fig. 8H ). At an increased velocity threshold, like at TSD, individual points are present, but their spatial distribution indicates a rather random pattern.
Points with negative LOS velocity dominate the western part of CSK, as long as scatterers are moving toward the satellite on the eastern side in both geometries at a 0-5 mm/year velocity threshold (Fig. 9B, F) . The mentioned noise pattern is also common here, in the entire site up to a velocity threshold of 6 mm/year (Fig. 9C, G) ; however, they are less common in the eastern part of the area, especially at the elongated mine dump (md in Fig. 9C, G) and the northwestern foreground of the dump in the valley floor of the Kaszárnya Creek (kc in Fig. 9C, G) . This diverse and spatially uncorrelated pattern starts to disappear at a velocity threshold of 6 mm/year and is almost absent at a velocity threshold of 7 mm/year (Fig. 9D, H ). At and above this threshold, the western part of the area is sparsely populated by scatterers moving in the opposite direction. They are not neighboring points and represent rather individual displacements. Furthermore, scatterers of the northern and northeastern parts of the southern mine dumps (md in Fig. 9D , H) represent areas that have been displaced toward the satellite in both acquisitions. In accordance with the aforementioned Kaszárnya Creek site (ck in Fig. 9D, H) , the spatial coverage of the scatterers also overlaps at this site. In the andesite quarry (aq in Fig. 9D, H) , several scatterers were found on both the satellite-facing slopes and the opposite directions. In the first case (satellite-facing slopes) scatterer velocities are positive values, while for the opposite slopes they bear negative values.
Considering former C-band sensors, such a noise, observed by Sentinel-1 imagery and produced by PSI interferometry, is unusual. Nevertheless, it is present under the field conditions described above. Noise may be introduced into the final results by multiple factors during the interferometric stacking process. During the interferometric procedure, an important step is the removal of topographic phase component. To model topography, SRTM-v4 DEM is widely used. However, the resolution of the DEM is low compared to the 20 m ground resolution of Sentinel-1. Moreover, SRTM was introduced more than 10 years ago. A conventional technique for the improvement of the DEM is the use of interferometric measures themselves for obtaining a more precise DEM. Exploiting interferometric DEM is also applicable for the successful removal of topographic errors. However, Sentinel-1 was introduced with a short baseline (Bn) and orbital tube concept. The shorter the Bn, the less accurate the estimation of the topography is, thus, for Sentinel-1 sensing capability of the topography is less effective than of older sensors. Consequently, Sentinel-1A images are less suitable for DEM generation.
A second factor affecting measurement quality is vegetation cover and hence the low coherence of the area. This factor may introduce errors during the interferometric step and phase unwrapping. Nevertheless, improved temporal separation of Sentinel-1A plays is instrumental for the preservation of coherence and scatterers. Increasing the coherence threshold would be the base of noise reduction for short time series. Using a larger coherence value could help the separation of scatterers with higher phase stability. However, it would reduce scatterer density to the value obtained by Del Ventisette et al. (2013) using an Envisat data set. PSs with high coherence threshold could be more reliable for successful calculations and may prevent the loss of low-velocity scatterers. Fig. 9 Scatterers at CSK, according to LOS velocity iteration steps. (|r| < 100, blue circle = negative LOS velocity, red cross = positive LOS velocity, A-D ascending geometry, E-H descending geometry, A 0 > velocity > 0, B − 5 > velocity > 5, C − 6 > velocity > 6, D − 7 > velocity > 7, E 0 > velocity > 0, F − 5 > velocity > 5, G − 6 > velocity > 6, H − 7 > velocity > 7, kc = Kaszárnya Creek, md = mine dump, aq = andesite quarry Another important factor is the incidence angle of sensing in Interferometric Wide Swath (IW) mode which ranges between 31° and 46° (ESA 2013). This angle is about twice the corresponding value of the former C-band sensors; therefore, their signals penetrate the ionosphere and the troposphere through a longer path during the sensing and receiving processes. This introduces a third noise component (APS) into the measurements. As we formerly noted, APS filtering is difficult on short time series. APS has a stochastic nature, which means that it is highly correlated in space, but poorly in time (Ferretti et al. 2001; Belmonte et al. 2017) . To remove spatial component of APS, a low-pass filter was used for both the control and the test sites. The smaller the filter size, the stronger the effect of filtering. However, the filter can also remove spatially correlated real displacements if the filter size is equal to or smaller than the spatial extent of the displacement zones. The filter size was 1200 m for all three test sites, which is slightly wider than the investigated landslide areas; therefore, it is impossible to further enhance low-pass filter performance here. For temporal APS filtering, a high-pass filter was used. With a larger window size, an increased temporal filter performance is obtained. The most severe limitation here is the short length of the data sets, which hinders filter enhancement. Thus, due to the unsuccessful use of the high-pass filter, APS strongly affects measured displacement. For a successful APS filtering, significantly longer time series are needed, even if the studied displacements span a short period of time.
Discussion
Mean spatial scatterer density, obtained in the current study, is approximately 8-10 times higher in all three test sites than the 48-52 points/km 2 values calculated formerly by Del Ventisette et al. (2013) at TDR, using ERS and Envisat data. However, using the relevant scatterers, where |r| < 100, point density decreased by 50% and it was further heavily reduced at a velocity threshold of 6-7 mm/year. Nevertheless, point spatial densities of the area depend on land cover and only contain valuable information when compared with the results of different measurements within the same ROI. This comparison is questionable, like in the currently described case, where we were unable to accurately reconstruct the ROI obtained by Del Ventisette et al. (2013) . Firstly, increased point spatial densities calculated from Sentinel-1A can be interpreted as a result of improved sensor and acquisition mode (TOPSAR). Secondly, the presence of scatterers highly depends on their temporal stability (temporal coherence). Clearly, scatterers are more detectable with the 14 to 16-day temporal acquisition intervals over a period of about a year and a half, than acquisitions over a 10-year sensing period with a temporal separation of about 35 days.
Differences in the number of scatterers in ascending and descending geometries are the consequence of the position and aspect of the slope (topography) of the individual test and control sites (Ferretti 2014) . Scatterers in layover or in foreshortening are well represented in the other geometry. Therefore, using both geometries, more detailed displacement information is obtained.
Despite the noise, displacement zones are clearly visible for each site and their remotely sensed spatial extent well corresponds to the field-observed displacement zones. However, exact spatial separation of the displacement zones from the stable background is challenging if all the final results of the PSI processing are considered. Removing points with |r| > 100 is the first step of data filtering. It reduces the number of points approximately to the half of the original at all sites. Accordingly, about 50% of all points of the first results have no geomorphic meaning and value for further consideration. Moreover, scatterers, without the above-mentioned noise, are only detectable below the velocity thresholds of − 6 to 7 and over + 6 to + 7 mm/year at TSD, TSR and CSK. In addition to the observed typical field velocity thresholds, values were also obtained experimentally using geomorphologic maps for visual interpretation. Presumably, some noise-affected scatterers reflect real field conditions and contain valuable information. However, they were removed during the iteration steps.
The location of the main displacement zone is clear in the southern part of TSD, but just in ascending geometry and above the velocity threshold of 6-7 mm/year (b in Fig. 7C,  D, G, H) . Maximum LOS velocities of the detection points reached 14 mm/year, which corresponds to the extremely slow category and class 1 by the classification scheme published by Cruden and Varnes (1996) . According to the classification of Cruden and Varnes (1996) , the state of activity of the slide is reactivated and moving. This group of scatterers, moving away from the satellite, points out remarkable subsidence and slow lateral movements of the landslide mass in front of the high bluffs. However, in descending geometry only a few scatterers are present here and the two geometries do not overlap completely; therefore, the identification of the exact type and extent of mass movement is challenging. Field information and dilatation cracks on abandoned houses (Fig. 10) suggest strong lateral shear stress here, which is generated by mass subsidence and mainly lateral movements from the high bluff toward the Danube. In accordance with the displacements, scatterers prove a clear subsidence at the bluff base caused by the lateral movement of the eastern part of the landslide. Other sporadic scatterers of the village reflect rather individual displacements of buildings. The only exceptions are in the northeast, at the base of the Castle Hill landslide (a in Fig. 7C, D, G, H) , where velocities well reflect field conditions and subsidence rates. Scatterers of TSR show a wider displacement area, concentrated on the Ófalu landslide. Scatterer data suggest that the lateral movement of the entire Ófalu area is manifested in sliding toward the Danube (at TSD). Nonetheless, we should point out that subsidence occurs at the base (ss in Fig. 8C, D, G, H) and follows the alignment of the bluff. Observations of the consequences of the extremely slow movement (up to 15 mm/year) of the landslide (according to Cruden and Varnes 1996) and the detection of damage to buildings is uncertain since residents permanently move their belongings out of the damaged buildings. Unfortunately, following the thresholding, only a few scatterers remain north and south from the landslide; therefore, their number is insufficient for the precise delineation of the zones of displacement. However, slow-moving landslides should be present both in TSD and TSR, due to their similar geologic and geomorphologic build-up. Sporadic appearance of scatterers can be interpreted as smaller individual displacements, but field data are unavailable at this spatial resolution. Only one subsidence on the northwestern part of TSR (rc in Fig. 8C, D , G, H) can be associated with road construction.
Scatterers of CSK show a distinct uplift in the southeastern part of CSK and in the valley bottom of the Kaszárnya Creek, where both geometries are overlapped. Typical displacement velocities at this site reach 10 mm/year. These mass movements rather indicate expansion of the material of the mine dump due to uptake of water, i.e., is not considered a landslide. Higher velocities were observed in the andesite quarry (up to 23 mm/year): these movements are triggered by the creeping of the unconsolidated material. Nonetheless, interferometry is a relative measure and results (the velocity of scatterers) are always compared to ground control points (GCP). In the current case, GCP points are probably affected by the tectonic uplift of the Mecsek Mountains, where velocity values are comparable to the measured local displacements at the control site. To separate local displacements in the field [e.g., movements along mine dumps (md in Fig. 9C, D, G, H) , the creep of the unconsolidated material in the andesite quarry (aq in Fig. 9C, D, G, H) ], high-precision DGPS measurements of the control points are needed. This is not the case for TSD and TSR, since GCPs were placed in the stable background area at a great distance from the moving landslides where tectonic activity is low. Subsidence or uplift rates of less than 1 mm/year were measured there (Joó 1992) . These values, however, are far below the accuracy of Sentinel-1 (considering the analyzed set of images). Nevertheless, for absolute displacement DGPS measurements are indispensable.
Conclusions
The ambiguous behavior of scatterers at low-velocity values can be interpreted as massive noise all over the TSD, TSR and CSK, which may have derived from various sources. Generally, InSAR measurements produce noise; however, further processing techniques aim the reduction of noise without the loss of significant data. Despite the careful processing of Sentinel-1A acquisitions, LOS displacement data remained noisy in TSD, TSR and CSK to threshold velocities of 6 to 7 mm/year. Hence, scatterers, moving slower than the above-mentioned threshold, were corrupted by noise and are devoid of geomorphologic meaning for the observer. However, points above the threshold carry valuable and useful information on surface deformation processes. Displacement zones of the analyzed sites are well visible without filtering (thresholding) the noise, but their accurate mapping and clustering are highly hampered. We consider APS and the shortage of sufficiently long time series as the main reasons of noise in our data. Therefore, to increase measurement accuracy, additional improvements and verification protocols are needed. The use of highquality DEMs and mainly the increasing length of time series, i.e., time range between the first and last images, will likely further reduce data loss and optimize the signal-to-noise ratio during the interferometric processing steps. To overcome noise-triggering challenges of short time series, increased coherence could provide more reliable PSs. Finally, all readers should consider the above signal-to-noise ratio relevant and adequate for research sites with similar coherence where temporal spacing and duration of images are comparable.
